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Cilia and flagella are dynamic organelles that un-
dergo assembly and disassembly during each cell
cycle. They are structurally polarized, and the mech-
anisms by which these organelles are disassembled
are incompletely understood. Here, we show that
flagellar resorption occurs in two distinct phases of
length-dependent regulation. A CDK-like kinase, en-
coded by flagellar shortening 1 (FLS1), is required for
the normal rate of disassembly of only the distal part
of the flagellum. Mechanistically, loss of function of
FLS1 prevents the initial phosphorylation of CALK,
an aurora-like kinase that regulates flagellar short-
ening, and induces the earlier onset of the inhibitory
phosphorylation of CrKinesin13, amicrotubule depo-
lymerase, which is involved in flagellar shortening.
In addition, CALK and CrKinesin13 phosphorylation
can also be induced by the process of flagellar short-
ening itself, demonstrating an example of cilia-
generated signaling not requiring the binding of a
ligand or the stimulation of an ion channel.
INTRODUCTION
Flagella and cilia are present in most cell types at G1/G0 with
functions ranging from cell motility to cellular signaling (Drum-
mond, 2012; Satir and Christensen, 2007). Cilia are disas-
sembled prior to mitosis or upon cellular stress (Bloodgood,
1974; Iomini et al., 2004; Tucker et al., 1979) or in association
with cell differentiation, e.g., regression of the kinocilium during
cochlear hair cell development (Kikuchi and Hilding, 1965; Ki-
mura, 1966). Cilia disassembly may not be simply the conse-
quence of these cellular processes but rather plays an active
role, for example, in cilia control of cell-cycle progression (Kim
and Tsiokas, 2011; Li et al., 2011).
Chlamydomonas flagella are resorbed prior to mitosis (Cava-
lier-Smith, 1974; Hilton et al., 2013; Marshall et al., 2005), during
zygote development (Cavalier-Smith, 1974; Pan and Snell,
2005), in response to osmotic stress (Solter and Gibor, 1978),
or under experimental conditions such as sodium pyrophos-
phate (NaPPi) treatment (Lefebvre et al., 1978). Flagellar short-
ening occurs at a linear rate, and disassembly occurs at the distalCelltip (Lefebvre et al., 1978; Marshall et al., 2005; Marshall and
Rosenbaum, 2001). The flagellar loss prior to cell division was
initially reported as due to flagellar severing at the basal body
rather than gradual shortening (Johnson and Porter, 1968); how-
ever, subsequent analysis showed that the flagellum gradually
shortened to the proximal end of the transition zone, which
was eventually severed along with the flagellar remnant (Cava-
lier-Smith, 1974; Parker et al., 2010). The cilia disassembly
pathway is at least partially conserved from unicellular algae to
mammals (Pan et al., 2004; Pugacheva et al., 2007). An aurora-
like protein kinase, CALK in Chlamydomonas, is phosphorylated
during and required for flagellar shortening (Cao et al., 2013; Pan
et al., 2004), and in mammalian cells, aurora A is activated by
phosphorylation during primary cilia resorption (Pugacheva
et al., 2007). Activated aurora A phosphorylates HDAC6 to
deacetylate axonemal microtubules, leading to microtubule
destabilization and cilia disassembly. In addition, CrKinesin13
(CrKin13), a microtubule depolymerase, has been shown to be
targeted to the flagella in response to cues inducing flagellar
resorption and participates in flagellar disassembly (Piao et al.,
2009).
Several signaling pathways have been implicated in cilia
resorption (Goto et al., 2013; Pan et al., 2013). Tissue culture
cells treated with platelet-derived growth factor (PDGF) or cal-
cium ionophore undergo cilia resorption (Pugacheva et al.,
2007; Tucker et al., 1979). Transient increase in calcium directly
activates aurora A by binding CaM (Plotnikova et al., 2010) and
also facilitates HEF1, a centrosomal scaffold protein, for aurora
A activation (Plotnikova et al., 2012; Pugacheva et al., 2007).
Two other effectors upstream of aurora A activation include
pitchfork (Kinzel et al., 2010) and trichoplein (Inoko et al.,
2012). In addition, the non-canonical Wnt pathway and insulin-
like growth factor-1-mediated Gbg signaling regulate cilia
resorption (Lee et al., 2012; Yeh et al., 2013). In Tetrahymena
and Chlamydomonas, NIMA-related kinases have been shown
to regulate ciliary resorption, though the molecular mechanism
is not clear (Hilton et al., 2013; Wloga et al., 2006). Genes
involved in flagellar length control, e.g., LF4, are proposed to
inhibit flagellar disassembly (Berman et al., 2003; Lefebvre,
2009); however, they are not involved in flagellar shortening
(Pan and Snell, 2005; Tam et al., 2013). Flagellar resorption
also requires coordinated regulation of the dynamics of the
flagellar membrane (Dentler 2013). Collectively, these data
suggest that cilia resorption is a highly regulated and complex
process.Reports 10, 1803–1810, March 24, 2015 ª2015 The Authors 1803
Figure 1. fls1 Is Impaired in Flagellar Shortening
(A) Cells were induced for flagellar shortening for 3 hr byNaPPi. Flagellar length
data shown here and below are presented as mean ± SD. N.S., not significant
(p > 0.05); WT, wild-type cells.
(B) NaPPi-induced flagellar shortening kinetics of WT, fls1, and the rescued
strain.
(C) Stills from Movies S1 and S2 showing shortening of flagella on single cells
prior to mitosis. Completed resorption is set at time 0 min. The scale bar
represents 5 mm.
(D) Flagellar resorption kinetics of WT and fls1 cells prior tomitosis. SixWT and
11 fls1 cells were analyzed by live imaging. Time is arranged backward from
completed resorption (0 min).
(E) Flagellar shortening rate of WT and fls1 prior to mitosis. The data presented
in (D) were calculated for the shortening rates. fls1 exhibits an initial slower
shortening rate (1st) followed by a second, faster shortening rate (2nd).
(F) fls1 cells delay in cell division. Cells were synchronized by using light/dark
cycle with supply of 5% CO2. Data shown are representative of two inde-
pendent experiments.
See also Figure S1 and Movies S1 and S2.
1804 Cell Reports 10, 1803–1810, March 24, 2015 ª2015 The AuthorIn a genetic screen, we have identified a flagellar shortening
(FLS) mutant, fls1, which is defective in a gene encoding a
CDK-like kinase (CDKL). Analysis of the fls1 mutant unexpect-
edly revealed that flagellar resorption exhibits a length-depen-
dent two-phase regulation. In addition, we find that flagellar
shortening itself can generate a signal cascade, which enhances
our understanding on how ciliary signaling can occur indepen-
dent of ligand binding or stimulation of an ion channel.
RESULTS
Analysis of fls1 Reveals Two Phases of Cilia Resorption
We have used insertional mutagenesis to identify genes involved
in the flagellar shortening pathway in Chlamydomonas. Mutants
were screened for shortening defects using NaPPi to induce
flagellar resorption (Lefebvre et al., 1978). In contrast to almost
complete flagellar resorption in wild-type (WT) 21 gr cells, flagella
in fls1 cells shortened only to about half-length after treatment
with NaPPi for 3 hr (Figure 1A). fls1was also impaired in 3-isobu-
tyl-1-methylxanthine (IBMX)-induced flagellar shortening (Lefeb-
vre et al., 1978; Figure S1A). We found no significant differences
between fls1 andWT cells in flagellar length in steady-state cells
(Figure 1A), flagellar regeneration, or flagellar elongation induced
by LiCl (Figures S1B and S1C). Thus, the gene defective in fls1
functions normally in WT cells during flagellar resorption, but
not, apparently, in flagellar length control or assembly.
WT flagella shortened at a constant rate of 0.068 mm/min and
were almost completely resorbed within 3 hr of treatment (Lefeb-
vre et al., 1978; Marshall et al., 2005; Figure 1B). Unexpectedly,
flagellar shortening in fls1 showed two distinct phases: an initial
3-hr-long slower phase during which the distal half of the flagel-
lum disassembled at a rate of 0.029 mm/min followed by a
faster phase with a shortening rate similar to that of WT cells
(0.077 mm/min). Statistical analyses of the shortening kinetics
showed that the F values from F test analyses of WT cells and
the rescued strain (see below) were 375 and 388, respectively,
whereas the F value for fls1 was 135. This supports the conclu-
sion that flagellar shortening occurs in two phases that can be
distinguished kinetically in fls1 based on the shortening rate.
To determine whether the shortening defect in fls1 occurred
under physiological conditions, we analyzed flagellar resorption
prior to mitosis using live-cell imaging. As shown in Figure 1C,
both WT and fls1 resorbed their flagella prior to mitosis. WT
flagella shortened with roughly linear kinetics at an average
rate of 0.31 ± 0.07 mm/min (n = 6; Figures 1D and 1E), similarly
to previous reports (Hilton et al., 2013; Marshall et al., 2005).
In NaPPi-induced flagellar shortening, the rate of shortening in
fls1 cells returns to WT levels when the flagella reach 7 or 8 mm
in length (Figure 1B). Therefore, we chose this length as
the separating point to calculate the two different rates of
flagellar shortening in the mutants. As expected, fls1 exhibited
two phases of shortening: an initial slower phase (0.08 ±
0.03 mm/min; n = 11) followed by a faster phase (0.26 ±
0.06 mm/min; n = 11). Thus, results from both experimentally
induced and physiological conditions suggest that flagellar
resorption in fls1 actually occurs in two kinetically distinct
phases. Finally, note also that defects in ciliary shortening affect
cell-cycle progression in mammalian cells (Kim and Tsiokas,s
Figure 2. FLS1 Is a CDK-like Kinase and
Phosphorylated in Response to Signals
that Induce Flagellar Shortening
(A) Diagrams of the gene structure of FLS1with the
DNA insertion site indicated and the domain
structure of the protein kinase encoded by FLS1.
(B) Cellular localization of FLS1 in steady-state
cells and in cells during flagellar shortening. fls1
cells expressing FLS1-HA were immunostained
with anti-HA and anti-a-tubulin antibodies, res-
pectively, after treatment with or without NaPPi for
10 min. WT cells were used as control. The scale
bar represents 5 mm.
(C) fls1 cells expressing FLS1-HA were separated
into flagella (F) and cell body (CB) fractions after
treatment with or without NaPPi (10 min) and
analyzed by immunoblotting. 1XF and 50XF
represent an equal proportion or 50-fold excess of
flagella relative to whole cells (WCs).
(D) Phosphatase (Ptase) treatment of whole cells
or flagella followed by immunoblotting.
(E) fls1 cells expressing FLS1-HA were treated
with NaPPi for different times as indicated
followed by immunoblotting with anti-HA anti-
body.
(F) Phosphatase treatment of cell lysates from cells undergoing flagellar shortening shows that FLS1 is phosphorylated.
(G) Plus gametes from fls1 cells expressing FLS1-HA were mixed with WT minus gametes for zygote formation and development. Cell lysates from cells
collected at the times indicated were treated with or without Ptase followed by immunoblotting.
See also Figure S2.2011; Li et al., 2011). Indeed, in synchronized fls1 cells (Fig-
ure S1D), the mutant has a delay in cell division of about 2 hr
compared to that of WT control cells (Figure 1F).
FLS1 Is a CDKL
The gene disrupted in fls1 was identified using PCR following a
previously published protocol (Gonza´lez-Ballester et al., 2005;
Meng et al., 2014). The insertion occurred in the fourth exon of
a gene (Cre12.g551250) encoding a protein kinase of 1,271 aa
(Figures 2A and S2A). Transformation of fls1 with an HA-tagged
FLS1 gene restored FLS1 gene expression (Figures S2B and
S2C) and rescued the shortening defect (see the Supplemental
Experimental Procedures for detail; Figure 1B), demonstrating
that the defect in FLS1 is responsible for the mutant phenotype.
FLS1 is most similar to members of the CDKL subfamily that
has five members in the human genome (Malumbres and Barba-
cid, 2009). LF5, a Chlamydomonas ortholog of CDKL5, has been
implicated in flagellar length control (Tam et al., 2013). LF2,
whose null mutation results in flagella of unequal length, is a
CDK (Tam et al., 2007). Phylogenetic analysis shows that FLS1
is most closely related to LF5. They are both in the family of
CDKL5 protein kinases (Figure S2D). FLS1 shares the common
features of a CDKL with a putative cyclin-binding domain and
a T/S-X-Ymotif at the kinase activation loop, a feature also found
in MAPKs (Figure S2E).
FLS1 Undergoes Phosphorylation in Response to
Signals that Induce Flagellar Shortening
LF5 is enriched in the proximal portion of the flagella (Tam et al.,
2013). Immunostaining of steady-state cells showed that FLS1
was present in both flagella and the cell body and was enriched
in the region of the basal body, but not in the proximal portion ofCellthe flagella (Figure 2B), which contrasts with the localization of
LF5 (Figure S2F). Immunoblotting analysis showed that the
flagellar form of FLS1 in steady-state cells was phosphorylated
with retarded gel migration, whereas the cell body form was
not (Figures 2C and 2D).
Next, we examined FLS1 during flagellar shortening induced
by NaPPi treatment. The cellular localization of FLS1 was not
altered (Figure 2B). However, the cell body form exhibited a
retarded gel migration indicative of phosphorylation (Figure 2C).
In contrast, the flagellar form did not undergo a further gel shift.
Thus, NaPPi-treatment-induced flagellar shortening is at least
associated with phosphorylation of the cell body form of FLS1.
Stimulation of FLS1 phosphorylation by NaPPi in the cell body
was surprisingly rapid, being detected within 5 min of NaPPi
treatment and before any flagellar shortening could be detected
microscopically (Figures 2E and 2F). Furthermore, immunoblot
analysis of short flagella, generated by blocking flagellar regen-
eration with colchicine after deflagellation, showed that FLS1
was not phosphorylated (Figure S2G). These data suggest that
FLS1 phosphorylation precedes the resorption of flagella and
is not simply a response to having short flagella. Analysis of
FLS1 during flagellar shortening in zygotes demonstrates that
FLS1 in zygotes was phosphorylated at the times when the
flagella underwent resorption (Pan et al., 2004; Figure 2G).
Thus, FLS1 is a regulator of flagellar resorption that occurs under
physiological and non-physiological conditions.
FLS1 Regulates the Phosphorylation of CALK and
CrKin13, Two Enzymes Active in the Shortening
Pathway
In response to signals inducing flagellar shortening, CALK is
phosphorylated at the C terminus; this can be detected byReports 10, 1803–1810, March 24, 2015 ª2015 The Authors 1805
Figure 3. FLS1 Regulates Phosphorylation
of CALK and CrKin13
(A and B) WT, fls1, or rescued cells were treated
with NaPPi for different times followed by flagellar
length measurement (A) and immunoblotting (B).
pCALK refers to CALK phosphorylated at T193,
and CALK refers to total CALK.
(C) Loss of FLS1 in fls1 permits the earlier
appearance of phosphorylated CrKin13 in flagella
but does not affect its flagellar trafficking. Flagella
isolated from cells undergoing flagellar shortening
at different times were analyzed by immunoblot-
ting. The slower migrating form of CrKin13 is
phosphorylated, as indicated by its recognition by
the anti-MPM2 antibody.
(D) NaPPi treatment does not induce phosphory-
lation of CrKin13 in the cell body. Cell samples, as
indicated, were analyzed by immunoblotting. The
slower migrating form of CrKin13 is not detectable.
(E) Flagellar CrKin13 is phosphorylated on S100.
Flagella were isolated from WT cells expressing
the S100A mutant of CrKin13 tagged with GFP
after NaPPi treatment at the times indicated. Anti-
GFP and other antibodies were used as indicated.
(F) fls1 cells expressing the S100A mutant were
treated with NaPPi, followed by flagellar isolation
and immunoblotting.
See also Figure S3.retarded gel migration, and this phosphorylation persists during
the shortening process (Cao et al., 2013; Pan et al., 2004). At the
same time, the phosphorylation level of CALK at T193 in the
kinase activation loop increases initially and is subsequently
reduced as the flagellar length decreases (Cao et al., 2013).
WT, fls1, or rescued cells were induced to shorten their flagella
by NaPPi treatment followed by flagellar length measurement
(Figure 3A) and immunoblotting (Figure 3B). Unlike WT cells,
CALK in fls1 did not exhibit a mobility-shift-associated phos-
phorylation or phosphorylation at T193 (pCALK) even within
60 min of NaPPi-induced shortening. Rescue of fls1 restored
the normal pattern of CALK phosphorylation, demonstrating
that FLS1 regulates CALK phosphorylation. It is interesting to
note that CALK in fls1 became phosphorylated during the later
stage of flagellar shortening. Thus, this event is independent of
FLS1 functionality. It is unclear how CALK becomes phosphory-
lated at this stage in fls1. One possibility is that CALK phosphor-
ylation could be induced by shortened flagella, as it has been
shown that CALK phosphorylation is affected by flagellar length
during flagellar assembly (Luo et al., 2011). Nevertheless, these1806 Cell Reports 10, 1803–1810, March 24, 2015 ª2015 The Authorsresults indicate that one role of FLS1 is
to regulate CALK phosphorylation during
the initial stage of flagellar resorption.
Flagellar shortening is associated with
an increase in the amount of intraflagellar
transport (IFT) proteins and CrKin13, a
microtubule depolymerase, in the flagella
(Pan and Snell, 2005; Piao et al., 2009).
Flagellar targeting of CrKin13 requires
IFT and is required for flagellar resorption
(Piao et al., 2009). Immunoblotting of WT
and fls1 flagella from resorbing cells showed that an increase
of IFT proteins in the flagella still occurred in fls1 (Figure S3).
Similarly, CrKin13 flagellar targeting in fls1was not affected (Fig-
ure 3C). Interestingly, a slower migrating form of phosphorylated
CrKin13 appeared in the flagella ofWT cells at 60min after NaPPi
treatment. Phosphorylated CrKin13 was recognized by the
MPM2 antibody, which recognizes a phospho-epitope (Piao
et al., 2009; Westendorf et al., 1994). In contrast, in fls1 cells,
phosphorylated CrKin13 appeared at 10 min. Thus, the FLS1
mutation permits the early phosphorylation of CrKin13 in resorb-
ing flagella.
CrKin13 phosphorylation could not be detected by analyzing
whole cells during flagellar resorption of both WT and fls1 cells
(Figure 3D). Because the amount of flagellar CrKin13 is minimal
compared to whole cells, which contain a large amount of the
cell body form of CrKin13 (Piao et al., 2009), such results suggest
that only the flagellar form of CrKin13 is phosphorylated during
flagellar shortening. Because phosphorylated CrKin13 inhibits
its microtubule depolymerization activity in vitro (Wang et al.,
2013), the earlier onset of CrKin13 phosphorylation in fls1 is
Figure 4. FLS1 Kinase Activity Is Required for Proper Flagellar
Shortening
(A) Immunoblot analysis of fls1 cells expressing HA-tagged FLS1 or its K36R
mutant. The K36R mutation is predicted to generate a kinase dead form of
FLS1. WT and fls1 cells were used as controls.
(B) The K36Rmutant gene fails to rescue the flagellar shortening defect of fls1.
Flagellar length was measured after treatment of the cells with NaPPi at the
times indicated.
(C) The K36R mutant protein fails to undergo phosphorylation during flagellar
shortening. fls1 cells expressing the HA-tagged K36R mutant were treated
with NaPPi followed by immunoblotting with anti-HA antibody. Note, K36R
mutant protein did not show a migration shift.
(D) The flagellar form of the K36Rmutant protein is not phosphorylated. K36R
cells were treated with or without NaPPi (10 min) followed by flagellar isolation.
WCs and F were analyzed by immunoblotting.
(E and F) The K36R mutant gene fails to rescue the defect in CALK (E) and
CrKin13 phosphorylation (F). WT, fls1, and K36R cells were treated with or
without NaPPi for 10 min followed by immunoblotting for CALK analysis. Iso-
lated flagella were used for analysis of CrKin13.consistent with the initial slower shortening rate of flagella in the
fls1 cells (Figure 1B).
Because CrKin13 is phosphorylated on S100 during flagellar
assembly (Wang et al., 2013), we next examined whether
CrKin13 is phosphorylated on the same residue in resorbing
flagella. WT cells expressing an S100A mutant of GFP-tagged
CrKin13 were treated with NaPPi for different times followed
by flagellar isolation and immunoblotting (Figure 3E). Endoge-
nous CrKin13 exhibited a mobility shift associated with phos-
phorylation, whereas the S100A mutant did not. Similar analysis
of fls1 cells expressing the S100A mutant generated similar re-
sults (Figure 3F). Failed phosphorylation of S100A mutant was
not due to GFP tagging (Wang et al., 2013). Thus, phosphoryla-
tion of CrKin13 on S100 is affected in the fls1 mutant.
FLS1 Kinase Activity Is Required for Normal Kinetics of
Flagellar Shortening
To determine whether the kinase activity of FLS1 was required
for flagellar shortening, fls1 was transformed with HA-tagged
FLS1 (WT) or the kinase-dead mutant (K36R) of FLS1. The trans-
formants expressed similar levels of FLS1-HA or FLS1-K36R-HA
(Figure 4A). In contrast to the WT gene, FLS1-K36R failed toCellrescue the flagellar-shortening defect (Figure 4B), indicating
that FLS1 kinase activity is essential for proper flagellar short-
ening. The K36R mutant protein did not undergo a mobility-
shift-associated phosphorylation after NaPPi treatment (Fig-
ure 4C) and neither did its flagellar form in steady-state cells
(Figure 4D). The simplest explanation is that FLS1 is regulated
by autophosphorylation.
Loss of function of FLS1 resulted in alteration of phosphoryla-
tion of both CALK and CrKin13 during flagellar shortening, sug-
gesting that FLS1 kinase activity may be required. Indeed, the
defect in both CALK and CrKin13 phosphorylation was not
rescued in fls1 cells transformed with the K36R mutant (Figures
4E and 4F). Thus, the kinase activity of FLS1 is essential for regu-
lation of CALK and CrKin13.DISCUSSION
WT flagellar-shortening kinetics is linear along the entire length
(Lefebvre et al., 1978; Marshall et al., 2005). Analysis of the fls1
mutant, however, has allowed us to observe that the flagellar-
shortening process actually occurs through two distinct phases:
an FLS1-dependent disassembly of the distal portion of the
flagella and an FLS1-independent disassembly of the proximal
portion of the flagella. Thus, two phases of disassembly clearly
occur, and this has been suggested by one earlier experiment
where colchicine treatment of pf18 mutant cells was observed
to induce disassembly only of the distal part of the flagella (Den-
tler and Adams, 1992). Such observations may reflect the polar-
ized nature of the flagellar axoneme. For example, the beak-like
structures within doublet microtubules are found only in the
proximal part of flagella (Hoops and Witman, 1983), as are the
polyglutamylated tubulins (Kann et al., 2003) and the axonemal
protein Bug22 (Meng et al., 2014).
The physiological significance of two-phasic shortening is not
clear. Loss of function of FLS1 delays cell-cycle progression,
suggesting that two-phasic shortening participates in cell-cycle
regulation. In mammalian cells, distal ciliary resorption is re-
quired for proper G1-S transition (Kim et al., 2011; Li et al.,
2011), but complete resorption is not necessary (Kim et al.,
2011; Spalluto et al., 2013). One speculation is that the first
phase resorption may generate signals for S phase entry, and
once the cell acquires the capacity to enter S phase, the second
phase shortening would proceed, leading to disassembly of the
proximal portion of cilia to release the basal body (centriole) for
spindle formation during mitosis (Jackson, 2011; Pan and Snell,
2007). In support of this hypothesis, we have found that CALK
and CrKin13 phosphorylation can be induced by the flagellar-
shortening process during the first shortening phase. As the
late phosphorylation of CALK in fls1 mutant and that of CrKin13
in WT cells occurs in the continuous presence of NaPPi, these
phosphorylations are unlikely induced by NaPPi itself. These
data indicate that flagellar shortening itself indeed can generate
a signaling cascade. Cilia-generated signaling can be achieved
by ligand binding such as in the hedgehog pathway or by stimu-
lation of ciliary-membrane-based ion channels (Berbari et al.,
2009). Thus, this finding also reveals a process to explain how
ciliary signaling can occur.Reports 10, 1803–1810, March 24, 2015 ª2015 The Authors 1807
The FLS1 mutation impaired flagellar shortening, but not
length control, and it delayed cell-cycle progression. However,
the closest homolog to FLS1, LF5, is not involved in flagellar
shortening but regulates flagellar length (Tam et al., 2013).
Nevertheless, these data indicate that these kinases play diver-
gent ciliary functions. FLS1 and LF5 are related to human
CDKL5, whose mutation leads to severe juvenile epilepsy with
unknown etiology (Kilstrup-Nielsen et al., 2012).Whether juvenile
epilepsy caused byCDKL5mutation is linked with dysfunction of
cilia needs further exploration.
The flagellar resorption is expected to be complex, as it in-
volves regulation of IFT (Pan and Snell, 2005), disassembly of
axoneme-associated complexes such as radial spoke (Pan
and Snell, 2005), and depolymerization of axonemal microtu-
bules (Piao et al., 2009; Pugacheva et al., 2007), all of which
are likely coordinated bymultiple, interacting signaling pathways
(Goto et al., 2013; Pan et al., 2013). We have shown that FLS1
controls the phosphorylation of both CALK and CrKin13, but
the detailed molecular mechanisms remain to be identified.
Because fls1 still undergoes slower first-phase shortening
when CALK is phosphorylated, this indicates that FLS1 could
regulate several other proteins in addition to controlling CALK
phosphorylation.
Though kinesin-13 members in other protists have been re-
ported to affect flagellar length, it is unknown whether they are
involved in flagellar shortening (Blaineau et al., 2007; Dawson
et al., 2007). Interestingly, CrKin13 is not involved in length con-
trol, as knockdown of CrKin13 induces shorter flagella rather
than longer flagella as expected (Piao et al., 2009). The shorter
flagellar phenotype is likely due to the role of Crkin13 in depoly-
merizing cytoplasmic microtubules during flagellar assembly
(Wang et al., 2013). CrKin13 increases several-fold in the flagella
upon flagellar shortening, which is consistent with its role in
flagellar shortening. The appearance of phosphorylated CrKin13
in the flagella during later stages of shortening was unexpected,
as phosphorylated CrKin13 has reduced microtubule depoly-
merization activity (Wang et al., 2013). Thus, CrKin13 phos-
phorylation would be expected to inhibit flagellar shortening.
Because only a portion of CrKin13 is phosphorylated, this may
explain why flagellar shortening is not completely blocked. The
later appearance of phosphorylated CrKin13 during shortening
is likely required to ensure a constant rate of shortening, as is
observed in WT cells. It has been shown that polyglutamylation
promotes microtubule depolymerization (Lacroix et al., 2010);
the enrichment of polyglutamylated microtubules in the proximal
portion of flagella might facilitate microtubule depolymerization
mediated by CrKin13 (Kann et al., 2003). To keep flagellar short-
ening at a constant rate, cells may reduce the total activity of
CrKin13 through phosphorylation during shortening of the prox-
imal portion of flagella.
In summary, we have identified a new regulator of the pathway
controlling cilia shortening and have demonstrated that a two-
phasic regulation mechanism occurs during cilia shortening.
More importantly, our finding that cilia shortening itself can
generate a signaling cascade adds a new mechanism for the
generation of ciliary signaling and suggests a possibility that
the G1-S phase transition is controlled by the signaling gener-
ated from ciliary shortening.1808 Cell Reports 10, 1803–1810, March 24, 2015 ª2015 The AuthorEXPERIMENTAL PROCEDURES
The following experimental materials and procedures, which include cell cul-
tures and special chemicals, cell manipulation, live-cell imaging, insertional
mutagenesis, nucleic acid manipulation and transformation, and immunoblot-
ting and immunostaining, can be found in the Supplemental Information.
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